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We propose to realize second-order topological superconductivity in bilayer spin-polarized Fermi gas su-
perfluids. We focus on systems with intralayer chiral p-wave pairing and with tunable interlayer hopping and
interlayer interactions. Under appropriate circumstances, an interlayer even-parity s- or d-wave pairing may
coexist with the intralayer p-wave. Our model supports localized Majorana zero modes not only at the corners
of the system geometry, but also at the terminations of certain one-dimensional defects, such as lattice line de-
fects and superfluid domain walls. We show how such topological phases and the Majorana zero modes therein
can be manipulated in a multitude of ways by tuning the interlayer pairing and hopping. Generalized to spinful
systems, we further propose that the putative p-wave superconductor Sr2RuO4, when subject to uniaxial strains,
may also realize the desired topological phase.
Topological superconductors (TSCs) have been actively
pursued in the last decade as they harbor gapless Majorana
modes protected by bulk-boundary correspondence, on their
one-dimensional (1D) lower boundaries or certain bulk de-
fects [1–10]. Protected by a nontrivial topological invariant,
the zero-dimensional (0D) Majorana modes localized at the
boundaries of 1D TSCs [11–13], vortices or lattice disloca-
tions of 2D TSCs [14–16], namely, the Majorana zero modes
(MZMs), can realize nonlocal qubits immune to local deco-
herence and are thus expected to form the building blocks
of topological quantum computation[17–20]. Meanwhile, 1D
gapless Majorana modes or even higher dimensional gapless
Majorana modes are dissipationless in transport along the
free-moving directions. Consequently, they have interesting
quantized responses to external probes [14, 21, 22] and allow
applications in, e.g., transport of heat. Remarkably, quantized
signatures of 0D MZMs and 1D chiral Majorana modes have
recently been reported in experiments [23–26], signaling that
this field is about to enter a new era.
Very recently, an important theoretical progress in this field
is the recognition that the mD gapless Majorana modes can
also emerge in an nD superconductor with m ≤ n − 2, even
though the (n − 1)D boundary of the superconductor is fully
gapped [27–40]. We note that similar physics has also been
explored in the context of insulating systems [41–44]. Su-
perconductors with such a novel topological property have
been dubbed “(n-m)th-order topological superconductors”, or
“higher-order topological superconductors” (HOTSCs), and
have attracted increasing attention as they greatly enrich the
boundary physics of superconductors as well as the plat-
forms for obtaining gapless Majorana modes. Thus far,
this topological phase has only been proposed in a few sys-
tems, including helical p-wave superconductor under a mag-
netic field [31, 34], topological insulator/high-temperature
superconductor heterostructure [35–37], and helical p-wave
superconductor/d-wave superconductor heterostructure [38].
All of these proposals focus on electronic systems and most
of them rely heavily on the proximity effect.
Topological phases have also been actively sought after in
cold atomic systems [45, 46], which have unparalleled advan-
tages in controllability and tunability. For instance, both of
the celebrated Su-Schrieffer-Heeger model [47] and the Hal-
dane model [48], two textbook models of the topological band
theory, have been realized in cold atomic systems and the as-
sociated topological phase transitions explored [49, 50]. This
motivates us to introduce the concept of higher-order topolog-
ical superfluid (HOTSF), the neutral counterpart of HOTSC,
in degenerate Fermi gases. In this paper, we show that a bi-
layer spin-polarized Fermi gas with intralayer chiral p-wave
pairing and interlayer even-parity pairing provides a viable
platform to realize intrinsic second-order topological super-
fluids (SOTSF). MZMs could emerge, not only at the corner
of the system geometry, but also at the end points of certain
1D defects, such as lattice line defects and superfluid domain
walls. A remarkable advantage of our proposal, as we shall
demonstrate, lies in the ease of tuning the system across dis-
tinct topological phases.
Generalized to spinful systems, we further propose a pris-
tine material platform for realizing the desired topological su-
perconductivity – Sr2RuO4 [51]. This material has long been
hailed a candidate spin-triplet p-wave superconductor [52–
61]. Intriguingly, recent experimental signatures indicative
of spin-singlet pairing at large uniaxial strains [62–64] raises
the prospect to continuously drive its superconducting state
from one pairing symmetry to another. It is therefore sensible
to conjecture a region of mixed-parity pairing at intermedi-
ate strains. We will discuss possible experimental means to
identify this phase.
Bilayer Fermi gas superfluid.— Let us first introduce the
bilayer spin-polarized Fermi gas system and investigate its
phase diagram. For concreteness, we assume the fermions
in each layer move in a square optical lattice potential and
are described by a tight-binding model with dispersion ξk =
−2t (cos kx + cos ky) − µ, where k = (kx, ky), t is the in-
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2plane hopping, and µ sets the chemical potential. In addition,
fermions on the two layers can hybridize with amplitude t⊥.
Now, each layer of the spin-polarized Fermi gas can form a
topological px±ipy superfluid, either through a stable p-wave
Feshbach resonance [65–73] or through an induced attractive
interaction using atomic mixtures [74–76]. For two layers of
such p-wave superfluid, additional interlayer even-parity pair-
ing channels, such as s- or d-wave, can be established through
relevant Feshbach resonances. The system is described by the
Bogoliubov de-Gennes (BdG) Hamiltonian
Hˆ =
∑
k,i,j
{
ij(k)c
†
kickj +
1
2
[Ξij(k)ckic−kj + h.c.]
}
,(1)
where i, j = 1, 2 is the layer index, cki creates a fermion
with quasi-momentum k in layer i, jj(k) = ξk and ij(k) =
t⊥ for i 6= j. We separate out the form factors describing
the symmetry of the pairings, viz. Ξjj(k) = ∆jjfjk, and
Ξ21(k) = Ξ12(k) = ∆12gk, where fjk = sin kx ± i sin ky
describes the p-wave pairing and gk is an even-parity function
corresponding to the s-wave or d-wave pairing. The pairing
gaps are determined by the following coupled gap equations,
Ξij(k) = −
∑
k′
Vij(k,k
′)〈ck′ic−k′j〉, (2)
where Vii(k,k′) = −Vpfikf∗ik′ and V12(k,k′) =
−Vs(d)gkgk′ denote the intra- and interlayer pairing interac-
tions, respectively.
As no symmetry requires or precludes the said intra- and
interlayer pairings to coexist, such a state may only emerge in
a limited interaction parameter space. A previous study on a
similar model [77], considering interlayer s-wave pairing and
with vanishing t⊥, found indeed regions of coexistence where
the p-wave pairings on the two layers preferentially develop
opposite chirality (analogous to the 3He B-phase [78]), rather
than same chirality. Hereafter, we refer to them respectively
as helical p-wave and chiral p-wave pairings, in reference to
the notion in spinful models [78]. Importantly, here we show
that, such a state is stable against sizable interlayer hopping,
and the coexistence with other types of interlayer even-parity
pairings, such as d-wave, is also possible.
Figure 1 shows the representative phase diagrams obtained
from our self-consistent BdG solutions of Eq. (2). Qualita-
tively similar behavior is seen for both interlayer s-wave and
d-wave pairings. In particular, at smaller interlayer hopping
and where intra- and interlayer pairings coexist (i.e. a mixed-
parity phase), the helical p-wave pairing is always more stable.
This can be understood by inspecting the following terms in
the free energy [79],
β′
(
∆∗11∆
∗
22∆
2
12 + c.c.
)
(3)
Here, β′ is proportional to the Fermi surface average of the
quantity −f∗1kf∗2kg2k. Hence, β′ < 0 for helical pairing and
β′ = 0 for chiral pairing. This term is thus minimized in the
helical state, along with the phases of (∆11,∆22,∆12) tak-
ing, e.g. (1, 1,±1). The choice of “±1” implies ground state
FIG. 1. (color online) Mean-field phase diagrams of the bilayer
model with intralayer chiral p-wave pairing fjk = sin kx ± i sin ky
and interlayer pairing in the: (a) s-wave gk = 1 and (b) d-wave
gk = cos kx − cos ky channels. Calculations were performed with
µ = −0.5t. The p-wave interaction strength Vp is taken to be 2.5t
in (a) and 2.2t in (b). The states with the same and opposite chiral
p-wave pairings on the two layers are referred to as helical p-wave
and chiral p-wave pairings, respectively.
degeneracy, whose concomitant Z2 symmetry allows for the
formation of superfluid domains. The system in fact possesses
an exact U(1)×U(1) symmetry, manifested in an added free-
dom to choose the relative phase between the order param-
eters [79]. This originates from the conservation of Cooper
pair angular momentum in the free energy, which dictates
that any phase-dependent coupling must appear with the ele-
mentary unit of
(
∆∗11∆
∗
22∆
2
12 + c.c.
)
, up to all higher orders.
Nonetheless, we shall take the assumption that one particular
phase configuration is stabilized, due to a coupling to some
unspecified external sources. It is worth stressing that these
conclusions hold irrespective of the detailed form of the inter-
layer even-parity pairing [80]. We also note a similar emer-
gent U(1) × U(1) symmetry in a somewhat different context
[81].
As shown in Fig. 1, increasing interlayer hopping reduces
the region of the coexistence and tips the balance in favor
of the pure chiral p-wave pairing. This is mainly because
the chiral state benefits from an induced Josephson coupling
∝ −t2⊥∆∗11∆22 + c.c., whilst the helical state does not. In ad-
dition, the interlayer mixing acts as an effective Zeeman field
which can further suppress the interlayer pairing.
Lastly, we briefly discuss the experimental realization of
such a bilayer Fermi gas system. Although all the ingredi-
ents of our proposal are within current experimental reach, a
fermionic p-wave superfluid is yet to be realized. The cen-
tral challenge in achieving such a superfluid is the engineer-
ing of a strong p-wave interaction so that the superfluid tran-
sition temperature is not prohibitively small. Two routes can
be pursued for this purpose. One is through the p-wave Fes-
hbach resonances, which have been experimentally explored
for both 40K [65–67] and 6Li [69–73] atoms. Unfortunately
the life times for these resonances are found to be relatively
short due to the severe three-body losses. However, a recent
study shows that by modulating the depth of the optical lat-
tice the inelastic collisional losses can be significantly sup-
pressed [82]. This raises the prospect that a strong and sta-
ble p-wave interaction can be achieved in moving closer to
3the Feshbach resonances. Another method is to utilize in-
duced interactions in atomic mixtures [75, 76]. In such a
scheme, a layer of spin-polarised non-interacting Fermi gas
is immersed in the Bose-Einstein condensate and gains an ef-
fective attraction through exchanging the phonons in the Bose
gas. By increasing the Bose-Fermi coupling, it is possible
to generate a strong effective p-wave interaction between the
fermions without destabilizing the system. In fact, very re-
cently a mixed-dimensional 174Yb-7Li mixture has been cre-
ated in experiment [83], paving the way for the realization of
a 2D p-wave superfluid.
Second-order topological superfluids and corner MZMs.—
Let us now focus on the coexistence region with the intralayer
helical p-wave pairing and the interlayer even-parity pairing.
To gain an intuitive understanding of the topological property
of this region, we consider the continuum Hamiltonian by ex-
panding the lattice Hamiltonian in Eq.(1) around k = (0, 0).
Introducing the spinor Ψk = (ck1, ck2, c
†
−k1, c
†
−k2)
T , the ex-
pansion returns Hˆ = 12
∫
dkΨ†kH(k)Ψk with
H(k) = [t(k2x + k
2
y)−m0]τz + t⊥τzsx
+∆p(kxτx − kyτysz)−∆e(k)τysy, (4)
where τi and si (i = x, y, z) are Pauli matrices acting on the
particle-hole space and the bilayer space, respectively; m0 =
4t+µ and ∆e(k) = ∆s−∆d(k2x−k2y)/2. Here we take ∆11 =
∆22 = ∆p. For general purposes, we have incorporated both
s-wave and d-wave pairings in the interlayer pairing ∆e(k) ≡
Ξ12(k) where “e” stands for even parity.
Without loss of generality, in the following we consider
positive t andm0, so that for vanishing t⊥ and ∆e, the Hamil-
tonian describes a symmetry-protected topological superfluid
with helical edge states [77]. The protecting symmetry is a
pseudo time-reversal symmetry associated with the operator
T = iτzsyK (K denotes complex conjugate). The presence of
interlayer hopping and pairing in general breaks this symme-
try, introducing Dirac mass terms to gap out the helical edge
states. To understand how a SOTSF is realized, below we turn
to an effective edge theory.
We label the four outer edges of a square lattice I, II, III
and IV (see Fig.2) and define a 1D “boundary coordinate” l
stretching these edges in a counterclockwise fashion. To fur-
ther simplify the analysis, we treat t⊥ and ∆e as small per-
turbations. Following the analyses in Ref.35 and as explained
in more detail in the supplemental material [79], we obtain an
effective 1D Dirac Hamiltonian,
Hedge(l) = ivl∂lsz +Mlsy, (5)
where the velocity vl and the Dirac mass Ml are defined on
the four segments of the 1D coordinate as follows: vl ≡ ∆p,
andMl = ∆˜d−∆s,−t⊥−∆˜d−∆s, ∆˜d−∆s, t⊥−∆˜d−∆s,
for l = I, II, III, IV, respectively. Here ∆˜d = ∆dm0/t. An
interesting observation is that t⊥ enters only in MII and MIV,
which suggests a selective influence of the interlayer hop-
ping on different edges. This can be simply understood from
FIG. 2. (color online) Top view of a finite-size bilayer system with
a depleted patch (left) and a line defect (right). The four outer edges
are labeled I, II, III, and IV. The line defect can be viewed as a de-
pleted patch squeezed to one dimension. The symbols in circles rep-
resent the sign of the effective Dirac masses on the edges of a par-
ticular mixed-parity state. The red dots denote the kinks where the
Dirac mass switches sign, i.e. where the MZMs are bounded.
the fact that while the interlayer hopping term anti-commutes
with kxτx, it commutes with kyτysz .
Let us first focus on the case where interlayer pairing is
purely d-wave. The Dirac fermion acquires a mass of Ml =
∆˜d,−t⊥ − ∆˜d, ∆˜d, t⊥ − ∆˜d on the four respective edges.
Without the interlayer hopping, it is readily seen that Ml
changes sign at every corner and thus each corner forms a
kink. According to the Jackiw-Rebbi theory [84], each kink
hosts one zero mode. As a consequence, the coexisting heli-
cal p-wave and d-wave pairings constitute a SOTSF with one
MZM per corner, consistent with recent studies [38]. inter-
layer hopping introduces richer phases. In particular, when
|t⊥| exceeds |∆˜d|, the number of kinks reduces to two, indi-
cating that the system undergoes a topological phase transi-
tion and turns into a different SOTSF with only two corner
MZMs. We stress that the requirement for interlayer hopping
to be stronger than the interlayer pairing is well within reach
for a weak-coupling superfluid.
We now proceed to the s-wave case. The Dirac masses
at the four edges now take the following values Ml =
−∆s,−t⊥ −∆s,−∆s, t⊥ −∆s. Without the interlayer hop-
pingMl is uniform across the boundary, thus the kinks and the
concomitant corner MZMs are absent. However, this phase is
not a featureless trivial superfluid. As mentioned above, the
mixed-parity state has a nontrivial Z2 symmetry associated
with two degenerate ground states, which allows for the for-
mation of superfluid domains. At the edge where two domains
meet, such as that depicted in Fig. 3 (a), a new Dirac kink
develops with masses of ∆s and −∆s on the opposite sides.
Therefore one MZM appears on this end of the domain wall,
along with a partner mode on the other end, as demonstrated
numerically for a lattice model in Fig. 3 (a) and (b). We note
MZMs of the same origin in the interlayer d-wave model.
In the more interesting case where the system is free of do-
mains, sign-changing Dirac masses are possible by making
|t⊥| > |∆s|. Similar to the d-wave model above, Ml changes
sign at two of the corners and a pair of MZMs are formed [Fig.
3 (c)]. Remarkably, a pi phase change for ∆s alternates the lo-
cation of the kinks, and therefore that of the corner MZMs. As
one can tell from Fig. 3 (c) and (d), MZMs appear at the two
4FIG. 3. (color online) Upper panel: (a) density distribution of a
pair of MZMs localized at the terminations of superfluid domains
of the bilayer model with mixed-parity pairing and with t⊥ = 0, and
(b) the corresponding low-energy spectrum. The dashed line in (a)
marks the domain wall separating the indicated superfluid domains.
(c) and (d), density distribution of a pair of corner MZMs and an-
other pair of MZMs at the ends of a line defect for t⊥ = 0.15t.
The narrow depleted patches in the middle of (c) and (d) designate
the line defects. They are simulated by removing the relevant lattice
sites, along with the associated pairings and hoppings across the de-
fect, from the Hamiltonian. These BdG calculations were performed
on the same lattice model as in Fig. 1, in an open-boundary ge-
ometry with a system size of 50 × 50 . The amplitudes of the in-
tralayer helical p-wave and interlayer s-wave pairings are taken to be
|∆11| = |∆22| = ∆p = 0.4t, |∆12| = ∆s = 0.1t, respectively.
upper corners (i.e. two ends of edge IV) when t⊥ · ∆s > 0,
and at the two lower corners (i.e. two ends of edge II) when
t⊥ ·∆s < 0. Similar observation can be made for the d-wave
model when |t⊥| > |∆˜d|.
For the case with non-vanishing ∆s and ∆˜d at the same
time, the topological property can be analyzed similarly.
Qualitatively speaking, when ∆˜d dominates over ∆s and t⊥,
the system supports four corner MZMs; when t⊥ dominates,
it carries a pair of MZMs at two of the corners; and when
∆s dominates, MZMs are absent at lattice corners, but can
still emerge if the system develops superfluid domains. Since
MZMs can appear in all of the above cases, we designate these
mixed-parity phases SOTSF. Note that our edge theory is not
suited beyond a critical value of t⊥ when the bulk becomes
gapless and Majorana flatbands develop at certain edges. We
shall not elaborate this scenario here. As an important final
remark, the boundary Dirac kinks necessary for the formation
of isolated MZMs persist for more general system geometries.
MZMs at bulk line defects.— The analyses above have
demonstrated the extraordinary flexibility to manipulate the
topological superfluid phase. We now turn to an interest-
ing advantage of the SOTSF phase possessing only one pair
of corner MZMs[31–34], otherwise absent in the phase with
MZMs at each of the four lattice corners [35–38], namely, the
emergence of MZMs at the end points of line defects in the
bulk.
A line defect is created by removing from the Hamilto-
nian an array of lattice sites, as well as the associated pair-
ing and hopping terms. In cold atom experiments, this may
be achieved by shining an extra laser beam to create a strong
local potential barrier. Our numerical simulation in Fig.3(c)
and (d) indeed show a pair of MZMs at the ends of the line
defects, resembling the scenario in an open Kitaev chain [11].
The origin of these end MZMs can be understood as follows.
Let us first imagine caving out a large rectangular patch in the
bulk of the lattice [see Fig.2(a)], then the two corners of the
inner boundary shall host MZMs according to our analyses
above. We next reduce the width of the patch along the direc-
tion perpendicular to the edge hosting the two MZMs to make
for a line defect [Fig.2(b)]. Since these MZMs do not couple
with other high-energy states due to particle-hole symmetry,
the enhanced confinement has no effect on them. This also
manifests in the resilient Dirac mass configuration on the four
inner edges during the process, as depicted in Fig. 2. As a re-
sult, the two corner MZMs eventually become two end MZMs
on the line defect. The same argument applies to more gen-
eral line defects, except those oriented perpendicular to the
line connecting the two corner MZM in Fig. 3 (c) and (d).
By contrast, in HOTSCs and HOTSFs with MZMs at ev-
ery corner, compressing the depleted patch to a line inevitably
brings together even number of corner MZMs and split their
energies. Thus line defects in those phases do not support
robust MZMs. Additionally, lattice dislocations, formed by
“gluing” back the two sides of the line defect using the corre-
sponding pairings and hoppings, do not support MZMs. This
can be attributed to the destruction of the Dirac kinks by the
said procedure. We observe that this contrasts with a separate
scenario in Ref. [85], where a nontrivial 1D Z2 invariant [11]
protects the MZMs bound to the dislocations.
Mixed-parity pairing in Sr2RuO4.— At t⊥ = 0, the above
bilayer model is an exact dual to a single-layer spinful model
with a mixture of spin-triplet helical p-wave and spin-singlet
even-parity pairings. In the most general form, the gap func-
tion reads Ξˆk = (∆pdk ·σ+ ∆egk)iσy , where σi’s are Pauli
matrices, dk represents the basis function of the helical p-
wave (such as kxyˆ±kyxˆ according to standard notations [78]).
A possible realization by proximitizing p-wave and d-wave
superconductors has indeed been recognized and analyzed in
detail in a recent work [38]. We note that in accordance with
the situation in the bilayer model, ∆p and ∆e must differ by a
phase of ±pi/2 due to the peculiar form of dk.
Here, we propose that a pristine material platform,
Sr2RuO4, may realize this topological phase without involv-
ing proximity effects. Widely considered a p-wave supercon-
ductor, this compound yet displays characters suggestive of
spin-singlet pairing in the presence of large uniaxial strains
[62, 63]. Further, there are also implications of weak out-of-
5plane magnetic field favoring helical p-wave pairing [86–88]
in unperturbed Sr2RuO4. Incidentally, microscopic theoreti-
cal analyses often find, in certain regimes of parameter space,
leading helical or even-parity superconducting channels [89–
96]. It is therefore plausible that a mixed-parity phase with co-
existing helical and even-parity pairings emerges in the pres-
ence of an intermediate strain and a weak out-of-plane field,
as we elaborate in Ref. 79. The local density of states (LDOS)
at certain representative locations of the sample geometry can
serve as diagnosis of this phase. Take the example where cor-
ner MZMs are formed, the corner LDOS shall exhibit a sharp
zero-bias peak, while other sample locations must instead see
gapped spectra. An illustration is provided in Ref. 79.
Summary.— We have shown that a bilayer spin-polarized
Fermi gas with intralayer chiral p-wave and interlayer even-
parity pairings provides a feasible platform to realize a va-
riety of SOTSFs, each supporting MZMs at certain corners
and/or 1D line defects of the system geometry. In particular,
by manipulating the interlayer pairing and interlayer hopping,
it is possible to drive the transition across multiple distinct
SOTSFs. Further, among the possible topological phases, the
one with two corner MZMs possesses an unparalleled advan-
tage that their line defects in the bulk host robust MZMs. This
allows for potential applications in, as a typical example, the
design of MZM circuits for quantum computation in a single
system [97]. Generalized to spinful systems, we also proposed
that the uniaxially strained Sr2RuO4 may be driven into a
mixed-parity phase, thereby realizing the desired higher-order
topological superconductivity. Given the recent progress on
the uniaxial strain experiments [62, 63], this proposal repre-
sents a particularly promising route.
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This supplemental material contains the following four sections: (I) Solutions of the gap equation and the phase diagram; (II)
Ginzburg-Landau theory; (III) Effective edge theory; (IV) Mixed-parity pairing in Sr2RuO4.
I. SOLUTIONS OF THE GAP EQUATION AND THE PHASE DIAGRAM
Introducing Ψk = (ck1, ck2, c
†
−k1, c
†
−k2)
T , the BdG Hamiltonian in Eq. (1) of the main text can be written as
Hˆ =
1
2
∑
k
Ψ†kHkΨk, (S1)
where
Hk =

ξk t⊥ Ξ11(k) Ξ12(k)
t⊥ ξk −Ξ12(k) Ξ22(k)
Ξ∗11(k) −Ξ∗12(k) −ξk −t⊥
Ξ∗12(k) Ξ
∗
22(k) −t⊥ −ξk
 . (S2)
The above Hamiltonian can be diagonalized by the following Bogoliubov transformation
ckj = uj+(k)bk,+ + v
∗
j+(k)b
†
−k,+ + uj−(k)bk,− + v
∗
j−(k)b
†
−k,−, (S3)
where uj±, vj± are the Bogoliubov amplitudes and bk,± are the quasi-particle operators. The Bogoliubov amplitudes are ob-
tained from the eigenvalue equation
Hkχk,± = Ek,±χk,±, (S4)
FIG. S1. (color online) Solutions of the gap equations in the presence of the s-wave interlayer pairing interaction. Here Vp = 2.5t, ∆p ≡ |∆11|
and ∆s ≡ |∆12|, measured against the Fermi energy F = µ + 4t. Left: The intralayer p-wave pairings have the same chirality. Right: The
intralayer p-wave pairings have the opposite chirality.
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FIG. S2. (color online) Solutions of the gap equations in the presence of the d-wave interlayer pairing interaction. Here Vp = 2.2t, ∆p ≡ |∆11|
and ∆d ≡ |∆12|, measured against the Fermi energy F = µ + 4t. Left: The intralayer p-wave pairings have the same chirality. Right: The
intralayer p-wave pairings have the opposite chirality.
where χk,± ≡ [u1±(k), u2±(k), v1±(−k), v2±(−k)]T . Using the transformation and the relevant ansatz for the pairing func-
tions, i.e., Ξjj(k) = ∆jjfjk, and Ξ12(k) = ∆12gk, the gap equation (2) of the main text can be written as
∆11 = −Vp
∑
k
f∗1k
[
u1+(k)v
∗
1+(k) + u1−(k)v
∗
1−(k)
]
(S5)
∆12 = −Vs(d)
∑
k
g∗k
[
u1+(k)v
∗
2+(k) + u1−(k)v
∗
2−(k)
]
. (S6)
The amplitude of the gap functions ∆ij are determined by solving Eqs. (S4) and (S6) self-consistently for a specific chemical
potential . For the intralayer p-wave pairing, two types of solutions are possible, i.e., Ξ22 = Ξ11 and Ξ22 = Ξ∗11, corresponding to
the same-chirality (chiral) and opposite-chirality (helical) solutions respectively. Solutions for both of these cases are respectively
shown in Fig. S1 and S2 for µ = −0.5t. We note that in the presence of the interlayer s-wave pairing interaction, the coexistence
of the intra- and interlayer pairing occur only when the intralayer pairing is helical. This is in contrast to the d-wave case, where
the coexistence is allowed for both the chiral and helical intralayer pairing.
FIG. S3. (color online) Determination of the phase diagram in the presence of the interlayer s-wave pairing interaction (see text for description).
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Once the gap functions are obtained, the condensation energy can be calculated as
δE = −1
2
∑
k
[Ek,+ + Ek,−] +
1
2
∑
ijk
Ξ∗ij(k)
[
ui+(k)v
∗
j+(k) + ui−(k)v
∗
j−(k)
]
. (S7)
The phase diagrams in the main text are obtained by comparing the condensation energies of the same-chirality and opposite-
chirality solutions, as the latter does not necessarily have a lower energy. Take the interlayer s-wave pairing for example, we
first obtain the region of the coexistence of the opposite-chirality p-wave pairing and the s-wave pairing, shown in Fig. S3 as
the area covered by blue dots. We then plot the region where the same-chirality solutions have the lowest energy, shown Fig. S3
as the area covered by green dots. We see that this region overlaps with the coexistence region, which means the ground states
of the overlapping area are in fact pure same-chirality p-wave pairings. Thus these two overlapping regions carve out the phase
diagram shown in main text. The phase diagram for the interlayer d-wave pairing is determined similarly.
II. GINZBURG-LANDAU THEORY
Adopting the spinor basis (ck1, ck2)T , the pairing function of interest takes the form,
Ξˆ(k) =
(
∆11f1k ∆12gk
−∆12gk ∆22f2k
)
(S8)
We perform a standard free energy expansion around Tc in powers of the order parameter fields ∆11, ∆22 and ∆12. In principle,
this expansion is strictly valid only when the Tc of the intra- and interlayer pairings coincide. However, the qualitative picture
so-obtained applies to more general scenarios. For now we take t⊥ = 0 for simplicity. The Gorkov Greens function reads,
Gˆ−1(iwn,k) =
(
(iwn − ξk)s0 Ξˆk
Ξˆ†k (iwn + ξ−k)s0
)
, (S9)
where ξ−k = ξk, s0 is the rank-2 identity matrix, and wn = (2n + 1)piT the Matsubara frequency. Defining g+(iwn,k) =
(iwn − ξk)−1, g−(iwn,k) = (iwn + ξk)−1, Gˆ−10 =
(
g−1+ s0 0
0 g−1− s0
)
and Ξˆ =
(
0 Ξˆk
Ξˆ†k 0
)
, the part of the expansion essential
to our discussion follows as,
−T
A
∑
wn,k
tr lnGˆ−1 = const. +
T
2A
∑
wn,k
∞∑
l=1
1
l
tr[Gˆ0Ξˆ]2l,
where A is the area of the system. The l = 1 term yields,
T
2A
∑
wn,k
tr
[
Gˆ0ΞˆGˆ0Ξˆ
]
=
T
2A
∑
wn,k
g+g−tr
[
ΞˆkΞˆ
†
k
]
=
T
A
∑
wn,k
1
w2n + ξ
2
k
(|f1k|2|∆11|2 + |f2k|2|∆22|2 + 2|gk|2|∆12|2) .
Note that the fields do not couple with one another at this level, i.e. the corresponding quadratic action takes the form f2 =
α(|∆11|2 + |∆22|2) + α′|∆12|2, where α and α′ can be read off from the above expression. Following the same prescription
except with finite interlayer mixing t⊥s1, a coupling between ∆11 and ∆22 is induced, i.e. λ∆∗11∆22 + c.c., but only for the
same-chirality state. This follows from the conservation of Cooper pair orbital angular momentum in the effective Josephson
tunneling, but can also be seen from the expression,
λ =
T
A
∑
wn,k
−t2⊥f∗1kf2k
[(iwn − ξk)2 − t2⊥] [(iwn + ξk)2 − t2⊥]
, (S10)
which vanishes upon k-summation if f1k and f2k are of opposite chirality.
Turning to the quartic order and still taking t⊥ = 0, it is straightforward to obtain the following,
f4 = β(|∆11|4 + |∆22|4 + α|∆12|4) + β¯(|∆11|2 + |∆22|2)|∆12|2 + β′(∆∗11∆∗22∆212 + c.c.), (S11)
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where again the coefficients can be read off from the expansion. Of particular importance to our analysis regarding the relative
chirality between the p-wave pairings within the two layers,
β′ = − T
2A
∑
wn,k
f∗1kf
∗
2kg
2
k
(w2n + ξ
2
k)
2
∝ −〈f∗1kf∗2kg2k〉FS . (S12)
where 〈...〉FS denotes a line integration across the Fermi surface. By inspection, β′ is finite only when the two layers develop
opposite chirality, e.g. f1k = sin kx+i sin ky and f2k = sin kx−i sin ky , and in this case β′ < 0. Therefore, in the mixed-parity
phase where ∆11(22) and ∆12 coexist, the system shall more favorably stabilize the helical p-wave pairing, along with appropriate
relative phases between the order parameters. In this case, the system in fact possesses an exact U(1)× U(1) symmetry, where
the second U(1) corresponds to the relative phases between the order parameters. That is, any arbitrary gauge transformation
(∆11,∆22,∆12)→ (e2iθ∆11,∆22, eiθ∆12) leaves Eq. (3) in the main text invariant. This symmetry is retained up to all higher
order terms, because any phase-dependent coupling must appear with the elementary unit of
(
∆∗11∆
∗
22∆
2
12 + c.c.
)
in order to
conserve the orbital angular momentum of the Cooper pairs.
III. EDGE THEORY
Let us start with the continuum Hamiltonian
H(k) = [t(k2x + k
2
y)−m0]τz + t⊥τzsx + ∆p(kxτx − kyτysz) + [(∆d/2)(k2x − k2y)−∆s]τysy, (S13)
where τi and si (i = x, y, z) are Pauli matrices acting on the particle-hole space and the bilayer space, respectively. Below we
consider that t, m0, t⊥, ∆p, ∆d and ∆s are all positive for the convenience of discussion.
Open boundary condition in the x direction
Let us first consider that the sample occupies the whole x ≥ 0 region (edge I). As the translation symmetry is broken in the x
direction, the Hamiltonian becomes
H(−i∂x, ky) = (tk2y − t∂2x −m0)τz + t⊥τzsx + ∆p(−i∂xτx − kyτysz) + [(∆d/2)(−∂2x − k2y)−∆s]τysy. (S14)
To simplify the analysis, we neglect the second-order k2y term and decompose the Hamiltonian into two parts, H = H0 + Hp,
with
H0(−i∂x) = (−t∂2x −m0)τz − i∆p∂xτx,
Hp(−i∂x, ky) = −∆pkyτysz − [(∆d/2)∂2x + ∆s]τysy + t⊥τzsx. (S15)
The part Hp will be treated as a perturbation, this procedure is justified when ∆d, ∆s and t⊥ are taken to be much smaller than
other parameters.
Solving the eigenvalue equation
Hp(−i∂x)Ψα(x) = EΨα(x) (S16)
with the boundary condition Ψ(0) = Ψ(∞) = 0, we find that there exist two wave functions which give E = 0, whose forms
are
Ψ1(x) = N eikyy sinκ1xe−κ2xχ1,
Ψ2(x) = N eikyy sinκ1xe−κ2xχ2, (S17)
the parameters are
κ1 =
√
m0
t
− ∆
2
p
4t2
, κ = ∆p/2t. (S18)
The four-component spinors χ1,2 take the form
χ1 = |sz = 1, τy = −1〉 = (1, 0,−i, 0)T /
√
2,
χ2 = |sz = −1, τy = −1〉 = (0,−1, 0, i)T /
√
2, (S19)
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and the normalization constant N takes the form
N = 2
√
κ2(κ21 + κ
2
2)/κ
2
1. (S20)
Using perturbation theory, we find that the effective Hamiltonian describing the low-energy physics on the edge is given by
HI(ky) =
∫ ∞
0
(
Ψ†1HpΨ1 Ψ
†
1HpΨ2
Ψ†2HpΨ1 Ψ
†
2HpΨ2
)
dx
= vykysz +MIsy. (S21)
where vy = ∆p and MI = ∆dm0/t − ∆s. It is interesting to find that within the first-order perturbation theory, t⊥ does not
enter the effective Hamiltonian on the edge I.
If we consider that the sample occupies the whole x ≤ 0 region (edge III), the only difference in the wave functions is a
change of four-component spinors, i.e., χ1(2) → χ˜1(2), with
χ˜1 = |sz = 1, τy = 1〉 = (1, 0, i, 0)T /
√
2,
χ˜2 = |sz = −1, τy = 1〉 = (0, 1, 0, i)T /
√
2. (S22)
Similar calculation reveals
HIII(ky) = −vykysz +MIIIsy (S23)
with MIII = MI.
Open boundary condition in the y direction
Similarly, when open boundary condition is taken in the y direction, the corresponding real-space Hamiltonian is
H0(−i∂y) = (−t∂2y −m0)τz + i∆p∂xτysz,
Hp(−i∂y, kx) = ∆pkxτx + [(∆d/2)∂2y −∆s]τysy + t⊥τzsx. (S24)
Let us consider that the sample occupies the whole y ≥ 0 region (edge II) and solve the eigenvalue equation
H0(−i∂y)Ψα(y) = EΨα(y) (S25)
under the boundary condition Ψ(0) = Ψ(+∞) = 0, we find there are also two wave functions which give E = 0. Their explicit
expressions are
Ψ1(y) = N eikxx sinκ1ye−κ2yξ1,
Ψ2(y) = N eikxx sinκ1ye−κ2yξ2, (S26)
where
ξ1 = |sz = 1, τx = −1〉 = (1, 0,−1, 0)T /
√
2,
ξ2 = |sz = −1, τx = 1〉 = (0, i, 0, i)T /
√
2. (S27)
Then according to perturbation theory, we obtain the effective Hamiltonian on the edge II, which is
HII(kx) =
∫ +∞
0
(
Ψ†1HpΨ1 Ψ
†
1HpΨ2
Ψ†2HpΨ1 Ψ
†
2HpΨ2
)
dy
= −vxkxsz +MIIsy (S28)
where vx = ∆p and MII = −t⊥ − ∆dm0t −∆s.
When the sample occupies the whole y ≤ 0 region ( edge IV), the only difference in the wave functions is a change of
four-component spinors, i.e., ξ1(2) → ξ˜1(2), with
ξ˜1 = |sz = 1, τx = 1〉 = (1, 0, 1, 0)T /
√
2,
ξ˜2 = |sz = −1, τx = −1〉 = (0,−i, 0, i)T
√
2. (S29)
Similar calculation reveals
HIV(kx) = vxkxsz +MIVsy (S30)
where MIV = t⊥ − ∆dm0t −∆s.
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FIG. S4. (color online) LDOS at representative sample locations of the (a) pure helical p-wave and (b) mixed-parity phases. The color-coded
dots in the inset of (a) indicate the locations where LDOS is measured. Calculations were performed on the same lattice as in Fig. 3 in the
main text, except that we now take µ = −2.5t and ∆p = 0.5t. The strain-induced even-parity pairing in (b) has ∆d = 0.2t and ∆s = 0.05t.
It is assumed that the mixed-parity phase occurs before the strain induces a Fermi surface Lifshitz transition in the actual experiments. The
perturbation to the electronic dispersion is hence ignored for simplicity. The curves are smoothened to make the main features transparent.
Note that in the unsmoothened data [black solid curve in inset of (b)], the sharp peak associated with the corner MZM [red solid curve in (b)]
is detached from the secondary peak arising from gapped edge modes at  ≈ |∆d|.
IV. MIXED-PARITY PAIRING IN SR2RUO4
We first argue the possibility of HOTSC in uniaxially strained Sr2RuO4. The p-wave pairing in this material can be classified
into four one-dimensional representations (helical p-wave) and one two-dimensional Eu representation [52]. Accumulated
evidences point to pairing in the Eu channel, which forms either the widely discussed chiral p-wave, or a recently proposed
nematic p-wave order [61]. However, the system may be tuned towards a helical p-wave channel by a weak out-of-plane
magnetic field [86, 87]. On the other hand, under large uniaxial strains where the system is driven towards a Lifshitz transition,
the superconducting state exhibits signatures of even-parity spin-singlet pairing [62, 63]. It is hence plausible that, in the
presence of the above-stated out-of-plane field, helical p-wave and even-parity pairings coexist at some intermediate strain
strength. Noteworthily, since the helical Majorana modes in the pure helical p-wave phase is protected by a mirror symmetry
unbroken by the out-of-plane magnetic field [88], the 0D MZMs (therefore the topological nature) of the mixed-parity phase is
insensitive to the field. As a side remark, we note a previous proposal of corner/disinclination MZMs in a pure p-wave model
for Sr2RuO4 [28].
This topological superconducting phase can be verified by examining the local density of states (LDOS) at the edges and
corners of the sample geometry. For simplicity, we consider a single-band model. The even-parity pairing shall be a mixture of
s- and d-wave symmetry due to the broken C4 rotational symmetry under the strain. We focus on the case with |∆d| > |∆s|,
wherein corner MZMs are formed. These modes manifest as a prominent local zero-bias peak. While there could still be some
ambiguity as the helical pairing shall also exhibit finite zero-bias spectrum at sample boundaries, including corners, the LDOS at
the edges provide additional distinguishing features. In particular, since the even-parity pairing gaps out the helical edge modes,
the mixed-parity state must observe a depletion of edge LDOS around zero-bias. These are illustrated in Fig. S4. The opposite
case with |∆d| < |∆s| can be analyzed analogously, except that the MZMs now arise at the terminations of superconducting
domains. Alternatively, the even-parity pairing may develop first at the boundaries at one strain, and then in the bulk at another
larger strain. A similar sequence of transitions was noted in another context [98]. Finally, considering that Sr2RuO4 is a layer
material, we briefly discuss about the effect of interlayer coupling. Two distinct situations are worth mentioning. One is when
the interlayer coupling involves only a weak interlayer hopping, in which case the system in the mixed-parity phase is just a
stack of 2D second-order topological superconductor with the Majorana modes remaining at zero energy. The other is when a
weak interlayer pairing is present. In this case, the Majorana modes in general become weakly dispersive, thereby broadening
the spectrum around zero bias.
In fact, there is another intriguing scenario when the bilayer spin-polarized model, Eq. (1) in the main text, is straightforwardly
extended to a spinful one. All discussions on the bilayer model carry through, except that the number of MZMs doubles due to
spin degeneracy. In the case of infinite layers, this model corresponds to a state with alternating chirality on each other layer.
This suggests a novel mechanism to realizing a state with vanishing net surface current, in a layered material which otherwise
possesses a dominant intralayer chiral p-wave pairing. Notably, a recent study [61] pointed out a novel alternative mechanism to
stabilize a time-reversal invariant nematic p-wave phase, which arises in the presence of a symmetry-imposed interlayer pairing.
